The 1 H NMR spectral technique has been applied to the study of samples of ZSM-5-type zeolites. These samples were synthesized using the template procedure and possessed various aluminium concentrations in their crystal lattice. The characteristics of the adsorbed water layers and the values of the free surface energy of the adsorbents were determined. It was established that, for aqueous suspensions of zeolites, the highest concentration of water in the pores was characteristic of the sample containing the lowest amount of aluminium. It was suggested that the amount of water in the pores is determined not so much by the concentration of primary adsorption sites as by the conditions under which the development of water clusters occurs as well as by the competing sorption of water and ambient air.
INTRODUCTION
Thorough research into the behaviour of diverse classes of organic substances during adsorption processes in zeolite pores may be explained by the wide use of these materials as catalysts and molecular sieves. Of particular interest has been the study of the adsorption of alkanes, aromatics (Ruthven et al. 1992; Hill and Seddon 1991) , alcohols (Long et al. 1995) and water (Olson et al. 1980) . As a result, for a wide range of organic molecules, the interdependence between the structure of the adsorbate molecules and their affinity to the zeolite surface has been determined (Long et al. 1997) . It has turned out that, in the case of n-alkanes, the affinity of the molecules to the surface increases with increasing aliphatic chain length and becomes weaker with an increasing number of substituents in the aromatic rings of substituted benzenes. The molecules of diatomic alcohols and organic acids exhibit a very weak surface affinity whilst for electron-donating substances and amines this affinity is extremely high.
Of special interest is the study of the interactions between a zeolite surface and water molecules. It has been established that, for a number of zeolites which differed in their aluminium content, the adsorption of water vapours at low pressures increased in proportion to the concentration of aluminium in the sample (Olson et al. 1980) . This was explained in terms of an increase in the concentration of primary sites available for the adsorption of water molecules, the function of such sites being performed by hydroxy groups of the º Si-OH-Al º type. These groups are Brönsted acid sites that form strong hydrogen-bonded complexes with water molecules or charge-transfer complexes (Kondo et al. 1997) . It is the availability of hydroxy groups on the zeolite surface that raises the possibility of water adsorption on the hydrophobic surface of ZSM-5-type zeolites.
The aim of the present study was to determine the characteristics of the water layers bound up with H-ZSM-5 zeolites which differed in their aluminium content under conditions leading to a high degree of hydration and the possibility of competitive sorption between ambient air and water vapour.
Earlier, we conducted such researches on samples of silicalite Chodorowski et al. 1988) . As a result, it was shown that water hardly penetrated into the pores of the adsorbent, even though some water molecule clusters were formed on defects in the crystal lattice. These clusters occupied only a small part of the total pore volume, the rest of the volume being filled with air displaced from these pores when the silicalite powder sample was submerged in chloroform.
Our measurements were undertaken using the 1 H NMR spectral technique in conjunction with a method based on the freezing-out of a liquid phase (Turov and Barvinchenko 1997; Turov and Leboda 1999; Gun'ko et al. 1995 Gun'ko et al. , 1997 . This technique enables the measurement of the concentrations of water adsorbed on the surface and allows the calculation of the values of the free surface energy of the adsorbent at the adsorbent/water interface.
EXPERIMENTAL
Samples of zeolites were synthesized according to the methodology described by Grose and Flanigen (1977) using highly dispersed aluminosilicas prepared via the simultaneous hydrolysis of SiCl 4 and TiCl 4 in the flame of a hydrogen-air burner. Such a procedure allowed us to simplify the synthesis of zeolites since aluminosilica served as a source for the formation of both oxides in the zeolite crystal lattice.
The zeolites were synthesized using aluminoaerosils with SiO 2 /Al 2 O 3 molar ratios equal to 131, 100, 26 and 19.5 for the preparation of samples 1-4 (Table 1) , respectively, the template employed being tetrapropylammonium bromide. In order to prepare a suitable reaction mixture, sodium hydroxide and the template were dissolved in distilled water and then a suitable amount of aluminosilica was added to this solution under mixing conditions. In terms of the oxides employed, the component ratios in the reaction mixture were as follows: Na 2 O/SiO 2 = 0.05; [(C 3 H 7 ) 4 N] 2 O/ SiO 2 = 0.04; H 2 O/Na 2 O = 300.
Hydrothermal crystallization was effected in a stainless-steel autoclave for 8 h at 433 K using a 30 cm 3 volume fluoroplastic beaker. The resulting product was washed with distilled water to neutral pH, dried at 383 K in air and calcined at 813 K. The H-form of the corresponding zeolites was obtained by ion exchange using a 2 N aqueous solution of NH 4 Cl, following which the samples were dried and calcined in air at 813 K. X-Ray diffraction studies of the synthesized samples were made by means of an automated DRON-UMI (LOMO) diffractometer using Ni-filtered Cu Ka radiation. Comparison of the XRD patterns of the prepared samples with literature data on ZSM-5 (Argauer and Landolt 1972) showed that the spectral lines for these samples corresponded to those expected for ZSM-5. The degrees of crystallinity of the samples were in the range 94-96%. The specific surface areas of the zeolite samples were measured by the thermal desorption of argon, while their pore volumes were determined from the respective methanol isotherms. The values obtained are listed in Table 1 . 1 H NMR spectra were recorded using a high-resolution Bruker WP-100 SY NMR spectrometer at an operating frequency of 100 MHz and employing a transmission band of 50 kHz width. Use was also made of one-pulse excitation (pulse length, 2 ms; repetition time, 2 s). The temperature at the transducer site was controlled by means of a thermoregulator (Bruker VT-1000) to an accuracy of ±1 K. Signal intensities were determined with an electronic integrator to an accuracy of ±10%. The concentration of adsorbed water in hydrated powders and frozen suspensions (C) was measured by comparison between the signal intensity for unfrozen water (I) and the signal intensity for water adsorbed in a powder using a calibration plot of the dependence I = f(C). To construct this plot, the signal intensities for adsorbed water were measured when fixed portions were added to an ampoule containing a previously weighed sample of the adsorbent. When the concentration of the solid phase in suspensions was different from that in the solid state, use was made of a corresponding scaling factor. In order to prevent supercooling of the suspensions, measurements of the unfrozen water concentrations were made during the heating of suspensions which had previously been cooled to 220 K.
The change in the free energy of water in an adsorption layer (DG) was determined from the temperature dependence of the free energy of ice (G i ). In doing so, it was assumed that water freezes on the interface when G = G i , the value of DG = G 0 -G defining the adsorption-caused decrease in the free energy of the water molecules with G 0 being equal to the free energy of ice at T = 273 K. The thermodynamic functions for ice have been tabulated over a wide range of temperatures, and hence each decrement in the freezing temperature of water could be correlated with the variation in the free energy of ice. No capillary phenomena occur in an aqueous medium and the function DG = f(C) defines the radial dependence of the free energy of adsorption. The value of the free energy of adsorbents in an aqueous medium (DG S ) can be determined by measuring the area under the plot of the dependence DG = f(C) and extrapolating to the coordinate axes. The quantity DG S can be represented by the formula:
where F is a scaling factor and C max is the concentration of non-freezing water as DG®0. If C is measured in mg adsorbed water/g adsorbent and DG is measured in kJ/mol, then values of the free surface energy are expressed in mJ/m 2 and the scaling factor can be calculated from the formula F = 55.6/S, where S is the specific surface area of the adsorbent.
Chemical shifts were measured with reference to tetramethylsilane (TMS) with the powdered sample of hydrated adsorbent being introduced into a deuterochloroform medium containing a small addition of TMS. The accuracy of the chemical determination was ±0.05 ppm. Figure 1 illustrates the dependencies of the variation in the free energy of adsorbed water on its concentration for (1) aqueous suspensions of zeolites, (2) hydrated powders in air and (3) a suspension of zeolite in a deuterochloroform medium. Figure 2 shows the temperature dependencies of the chemical shift for water adsorbed in zeolite pores as determined for hydrated powders in CDCl 3 medium. The characteristics of the bound water layers in hydrated powders and in aqueous suspensions of adsorbents are listed in Table 2 . As distinct from the analogous dependencies Figure 1 . Dependence of the variation in the free energy of unfrozen water on its concentration for (1) a suspension of zeolite in water, (2) hydrated powder in air and (3) a suspension of zeolite in deuterochloroform. established for mesoporous materials , the dependencies DG = f(C) for all the studied zeolites do not contain portions corresponding to water weakly bound to the adsorbent surface. At the same time, there are portions indicating that the thickness of the unfrozen water layer remained virtually constant over a wide range of variation in the DG value. The appearance of such portions in the dependence DG = f(C) arises from the fact that the free energy of all the water molecules adsorbed in pores is lowered by adsorption interactions with the surface, so that it is necessary to cool the sample substantially in order to attain equality between the free energies for adsorbed water and ice. One more feature of the studied type of microporous materials manifests itself in the fact that the dependency curves DG = f(C) over the whole range of variation in the concentration of unfrozen water for aqueous suspensions of adsorbents are located above the corresponding curves for hydrated powders, while in the case of non-porous and mesoporous adsorbents the reverse is true . As has been shown by Turov and Leboda (1999) , the increase in DG in going from an aqueous to air medium is caused by the fact that in addition to the adsorbent/water interface there appears to be a water/air interface which makes an additional contribution to the measured value of DG. The established regularity is probably due to the fact that in hydrated powders the formation of a new water/air interface does not take place. Both in powders and in aqueous zeolite suspensions, water only exists in the form of clusters in the adsorbent pores and a considerable part of every pore volume is still filled with air. In the case of an aqueous medium, such water clusters can grow until their sizes attain values which are feasible under the given conditions. The above-mentioned increase in DG is evidently caused by the extension of the water/hydrophobic part of the zeolite surface interface.
RESULTS AND DISCUSSION
In the case of deuterochloroform media, we observed a substantial decrease in the DG value for all the studied zeolites, irrespective of the aluminium content in their crystal lattices. This suggests that deuterochloroform easily penetrates into the zeolite pores and displaces the air from them. Since the surface tension at the water/chloroform interface is smaller than that at the water/air interface, the displacement of air by chloroform gives rise to the observed decrease in the DG value. It should be noted, however, that the water/chloroform interface in zeolite pores can only be discussed as an approximation unless the pore sizes are comparable to those of the adsorbed molecules. Nevertheless, the ratios of the values for the interfacial interactions of clusters of immiscible substances in pores should be the same as the corresponding ratios for the bulk phases.
The range of variation in chemical shifts for water adsorbed in zeolite pores extends from 4.6 ppm to 5.6 ppm. The complex shape of the plot for the temperature dependence of the chemical shift is attributed to the fact that with decreasing temperature a partial freezing-out of the adsorbed water takes place. This freezing results in a decrease in size of the liquid water clusters adsorbed in the pores. The chemical shift value for water in polyassociates is determined by the number of hydrogen bonds (n) in whose formation every molecule of water participates simultaneously Turov and Leboda 1999) . With decreasing temperature, the number of such bonds increases at the expense of a retardation in the molecular motion and, as a result, a displacement of the signal for adsorbed water into the region of weak magnetic fields (an increase in the chemical shift) is observed. However, as some part of the water in the pores freezes, the sizes of the clusters of adsorbed water decrease, leading to a decrease in the value of n and, hence, in a reduction in the chemical shift value. The relatively small range of temperature-induced variation of the chemical shift is probably due to simultaneous contributions made by both the above-mentioned factors.
As follows from the data listed in Table 2 , the concentration of water adsorbed in the zeolite pores and the value of the free surface energy of the adsorbents (with the exception of the sample containing 3.15 wt% Al 2 O 3 ) decreased as the aluminium content in a sample increased. At the same time, the value of the maximum decrease in the free energy in a layer of bound water was virtually the same for all the zeolites studied and about twice as large as the corresponding value for silicalite. Under these conditions, all the adsorbent pore volume was filled with water only in the case of the sample whose Al 2 O 3 content was 1.96. The observed regularity disagrees with the data presented by Olson et al. (1980) for the adsorption of water vapours in zeolites which differed as far as the concentration of Al in their crystal lattices were concerned.
The cause of the observed features may be related to two main factors, viz. the change in the structure of the water polyassociates with increasing concentration of Al and a variation in the conditions for the competing sorption of water and the gaseous components present in air. In reality, when a high degree of hydration of the surface exists, water not only interacts with primary adsorption sites but also becomes part of the molecular aggregates which contain the Brönsted acid sites and several molecules of water bound to such a site Buzzoni et al. 1995) . However, only a relatively small number of surface hydroxy groups exhibit a high acidity as demonstrated by calorimetric titration data (Drago et al. 1997) . With increasing concentration of aluminium in the crystal lattice, the percentage content of such active OH groups decreases and, as a consequence, a decrease in the sizes of the water molecule clusters adsorbed on the surface is also observed. Thus, despite the increase in the concentration of primary sites available for the adsorption of water, an increase in the concentration of aluminium may be accompanied by a reduction in the degree of hydration of the zeolite surface.
If the adsorption of water is effected in air, a second factor which affects the dependence of the degree of hydration of the surface on the aluminium content in a sample may appear. As a result of the presence of air, the zeolite surface can adsorb simultaneously not only water but also molecules of nitrogen and oxygen which are incapable of forming hydrogen-bonded complexes with surface hydroxy groups and are adsorbed predominantly on the hydrophobic portions of the surface. With increasing size of the adsorbed water clusters on the surface, some portion of the adsorbed gases must be removed from the surface. Under these circumstances, the extent of water adsorption should depend on the relationship between the free energy of formation of water clusters and that for the desorption of gas molecules from the surface. Thus, the formation of water clusters on hydrophilic surface sites may be energetically less favourable than the adsorption of gas molecules on hydrophobic portions of this surface. As the content of aluminium in the zeolite increases, the number of primary sites for the adsorption of water also increases. However, the water clusters formed adjacent to these sites make contact predominantly with the hydrophobic portions of the surface created by siloxane bridges. As a result, a decrease in the free surface energy of the zeolites with increasing content of aluminium in their lattices will be observed.
CONCLUSIONS
In the case of aqueous suspensions of zeolites not subjected to degasification, the adsorption of water in their pores is determined not so much by the concentration of hydroxy groups on the surface as by the conditions for the formation and growth of water clusters adjacent to the hydrophobic portions of the surface as created by siloxane bonds. The free surface energy of adsorbents at the adsorbent/water interface is determined by the relationship between the affinity values to the surface characteristic of water vapour and the gaseous molecules present as the components of air. The highest value for the adsorption of water was observed for the sample whose aluminium content was minimal and is probably due to a high-energy non-uniformity of the adsorbent surface.
Values of the free surface energy of zeolites in suspensions fall within the interval 6-37 mJ/m 2 , i.e. they are smaller by a factor of 5-10 in comparison to those for fumed silicas and aluminosilicas. The very small values of DG S observed are attributed to the fact that the surface was mostly formed by siloxane groups whose sorptive capacity with respect to water was low.
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